Initially submitted February 2, 2014; accepted for publication April 30, 2014. microRNAs (miRNAs) are fundamental to cellular biology. Although only approximately 22 bases long, miRNAs regulate complex processes in health and disease, including human cancer. Because miRNAs are highly stable in circulation when compared with several other classes of nucleic acids, they have generated intense interest as clinical biomarkers in diverse epidemiologic studies. As with other molecular biomarker fields, however, miRNA research has become beleaguered by pitfalls related to terminology and classification; procedural, assay, and study cohort heterogeneity; and methodological inconsistencies. Together, these issues have led to both falsepositive and potentially false-negative miRNA associations. In this review, we summarize the biological rationale for studying miRNAs in human disease with a specific focus on circulating miRNAs, which highlight some of the most challenging topics in the field to date. Examples from lung cancer are used to illustrate the potential utility and some of the pitfalls in contemporary miRNA research. Although the field is in its infancy, several important lessons have been learned relating to cohort development, sample preparation, and statistical analysis that should be considered for future studies. The goal of this primer is to equip epidemiologists and clinical researchers with sound principles of study design and analysis when using miRNAs.
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microRNAs (miRNAs) were discovered in the early 1990s during experiments interrogating the nematode model organism Caenorhabditis elegans. Lin-4 and let-7 were the first well-characterized "small" RNAs that were found to control early development (lin-4) in addition to being highly conserved across species (let-7), suggesting fundamental biological import (1, 2) . This was followed in 2001 with the reporting of larger groups of small RNAs (2, 3) , and the first vertebrate, mammalian (4, 5) , and human studies (6) of small RNAs-now termed miRNAs-emerged shortly thereafter.
Findings in 2004 that many human miRNAs were encoded in regions of the genome associated with cancer alterations (7) led to a flurry of research in this area, facilitated by both commercially available and privately fabricated platforms to assess the human "miRnome." Four years later, human miRNAs were found to be stable in the circulation (8, 9) , leading to intense research efforts focused on blood miRNAs as noninvasive cancer biomarkers.
Over the past decade, the circulating miRNA field has burgeoned well beyond oncology, and studies focusing on nearly all aspects of clinical medicine including acute myocardial infarction (10) (11) (12) (13) (14) (15) , liver disease (16) (17) (18) (19) , obesity (20, 21) , autoimmune disorders (22) (23) (24) , critical illness (25) , and even pregnancy, exist (26) .
miRNA BIOLOGY miRNAs function as repressors of gene expression by causing degradation and/or by blocking translation of specific messenger RNA target molecules with which they physically interact via partially complementary base pair interactions. From 30% to 80% of genes encoded in the human genome are believed to be regulated by just a few hundred miRNAs, with each miRNA acting on up to 100 genes and multiple miRNAs acting on 1 gene (27) . miRNAs are thus thought of as master RNA regulators of gene expression, themselves subject to positive and negative feedback circuits following transcription. miRNA biosynthesis has been well elucidated, and the reader is referred to several excellent sources on the topic (28, 29) , but we briefly review the salient aspects here (Figure 1 ). Nuclear transcription takes place to generate a double-stranded pri-miRNA that is then processed by the Drosha-DGCR8 enzyme complex to yield a more mature premiRNA strand. Following transport out of the nucleus, Dicer enzyme cleavage yields an approximately 22-base pair duplex (sense and antisense) from which the single-stranded, mature miRNA strand (approximately 22 nucleotides long) is loaded into Argonaute protein(s) as part of the RNA-induced silencing complex. RNA-induced silencing complex then presents miRNA to partially complementary messenger RNA transcripts to stimulate translational blockade and/or transcript degradation.
Extracellular transport of miRNAs into the circulation is thought to be governed by Argonaute proteins, as well as extracellular vesicles (30) . Exosomes, or endosome-derived membrane microvesicles, are reported to carry unique nucleic acid signatures in disease (31) , and some believe that circulating miRNAs may act as remote beacons for altering cell biology, including the facilitation and/or abrogation of tumor metastasis (32, 33) .
miRNA CLASSIFICATION
The miRBase registry (34) (35) (36) maintains the most upto-date information on miRNAs for all organisms, including humans, and it is the central repository from which basic, clinical, and commercial investigators 1) expand the current encyclopedia of known miRNAs and 2) query its results to design experiments and interpret their experimental findings. Over its 10 years of existence, there have been deletions of repetitive or experimentally unproven miRNAs and revisions to an existing complex terminology that recapitulates our developing understanding of miRNA biology (Table 1) (37) .
As an example, miRNAs derived from the 2 strands of the double-stranded precursor (i.e., pre-miRNA) were once differentiated by a terminal asterisk "*," but are currently designated as "-5p" or "-3p" status on the basis of their origin from the 5 0 and 3 0 ends of the pre-miRNA, respectively. Many miRNA genes have duplicated and diverged slightly to form miRNA families of very similar sequences, spawning additional annotations in the form of an appended "a" or "b" tail to the miRNA name, and sequence identical miRNAs generated from different chromosomal loci are further appended as "-1" or "-2." Finally, in keeping with the traditions Figure 1 . Immature, double-stranded microRNAs (miRNAs) are processed by Drosha after transcription followed by cytoplasmic processing by Dicer into separate strands. Single, mature miRNA strands are captured by the RNA-induced silencing complex (RISC) to complement messenger RNA for posttranscriptional modification. The remaining strand from the duplex is usually degraded but can be functional in some cases. In keeping with the traditions of gene nomenclature, pre-miRNAs, pri-miRNAs, and mature miRNAs from the same parent transcript have a nuanced terminology with pre/pri strands designated using a lower case r ("mir") and the mature transcript designated using a capital "R" ("miR").
of gene nomenclature, pre-miRNAs, pri-miRNAs, and mature miRNAs from the same parent transcript have a nuanced terminology with pre/pri strands designated using a lower case r ("mir") and the mature transcript designated using a capital "R" ("miR"). In the literature, miRNAs are usually preceded by a 3-letter organism abbreviation (i.e., hsa for Homo sapiens, cel for C. elegans, or ath for Arabidopsis thaliana). Thus, human miR-92 would be represented as hsa-miR-92.
TISSUE miRNAs
The initial miRBase registry catalogued 218 miRNAs across all species. There have been 19 iterations since, with a logarithmic growth in new annotations (Figure 2 ). Whereas the first miRBase registry constituted a small number of human miRNAs, the most recent edition of miRBase (accessed on November 7, 2013) contains 1,872 human precursor miRNAs whose average, unfolded, predicted length is 80 nucleotides (i.e., 40 base pairs), with a slight right-tailed distribution (i.e., longer precursor miRNAs are more common). Although mature miRNAs are typically 22 base pairs in length, a distribution exists with most miRNAs ranging in length from 18 to 25 nucleotides, although some recent deep sequencing studies have found sequences as short as 15 nucleotides to as long as 28 nucleotides for the single strand (31, 38) .
In tissues, mature miRNAs can have a 4-fold log dynamic range of abundance from 1 to 10,000 copies per cell, with an estimated average of 500 copies per cell (38) . The amount of miRNA varies considerably by cell type, with in vitro cell lines and tissues yielding approximately 100-fold more material than body fluids such as blood or urine (38, 39) . This, unsurprisingly, led to an initial wave of studies that examined tissue miRNAs as biomarkers rather than fluid-based miRNAs that present a much larger "signal-to-noise" problem given their rarity.
Placental miRNAs make a particularly strong case for the idea that circulating miRNAs reflect tissue miRNA in general, because some are fairly specific to placenta and absent otherwise (40) (41) (42) (43) . There are also good data showing that other circulating, organ-specific miRNAs exist in human diseases, such as ischemic heart disease and liver cirrhosis. Some of the best evidence is for miR-122 in liver injury (44, 45) and miR-208a/b in myocardial injury (14, 46, 47) .
The correlation of cancer tissue miRNAs and circulating miRNA levels is not always as strong, in part because of problems of specificity (i.e., a lack of cancer-specific miRNAs) and low tumor biomass. However, there is good evidence that tumor tissue miRNAs are released into circulation where they can be measured, with miR-660 and miR-629* being examples of this in xenografted mice (8) .
NONTISSUE, CIRCULATING miRNAs
Because collection of blood samples is far more common than collection of other body fluids, the majority of noninvasive miRNA studies currently focus on circulating miRNA measurements, although studies examining miRNAs in diverse human conditions from oral secretions, cerebrospinal fluid, urine, and even breast milk are extant and emerging (48) (49) (50) (51) (52) . Methods to determine miRNA expression in nonblood fluids are published, and we refer the reader to these for additional information (33, 49, (52) (53) (54) (55) .
The human body is composed of intracellular fluid (67%) and extracellular fluid (33%) compartments. The extracellular compartment contains the circulating blood volume (33%) of approximately 5,000 mL in an average-sized person. Clinically, we refer to components of the patient's circulating blood volume as either acellular (consisting of plasma, proteins, electrolytes and other essential nutrients (55%)) or cellular (containing the red blood cell, white blood cell, and platelet fractions (45%)). In vitro and in the laboratory, we can separate blood into the following components: the acellular fraction as serum or plasma, the buffy coat (consisting of white pri-mir (lower case "r ")
The primary miRNA transcript (see Figure 1) pri-mir-1 pre-mir (lower case "r ")
The precursor miRNA transcript resulting from processing of the primary transcript by the Drosha-DGCR8 complex (See Figure 1 The "*" (star) is appended to some miRNA names (e.g., miR-9*), especially in data sets generated using older miRNA profiling platforms. The designation of "*" is meant to indicate the "minor species" of the 2 mature miRNAs that are produced from the 3 0 and 5 0 arms of the pre-miRNA duplex (i.e., forming the miRNA:miRNA* duplex; Figure 1 ). It is now recognized that both the dominant (nonstar) and "star" forms can be functional (133) and, in some cases, may be present at comparable concentrations in the cell, or that the miRNA* form might even be at higher concentration depending on the precursor gene examined and the cell, tissue, or species (134) being examined. For these reasons, it is recommended that the miRNA/miRNA* nomenclature be dropped in favor of using the "-3p" or "-5p" suffix in every case.
blood cells), and the cell fraction of platelets and red blood cells. These fractions can be easily separated from each other on the basis of density to yield the protein-rich plasma fraction, white blood cell-rich buffy coat, and platelet-and red blood cell-rich cell fraction (Web Figure 1 available at http://aje.oxfordjournals.org/). Plasma's integrity can be maintained by anticoagulants such as ethylenediaminetetraacetic acid, citrate, or heparin to prevent blood clotting. Serum, on the other hand, is a more protein-poor blood fraction that results from allowing whole blood to clot spontaneously at room temperature for 30-45 minutes, followed by removal of the clot (which contains coagulated blood proteins, as well as blood cells and platelets) by centrifugation. There are a number of commercially available blood tubes to isolate plasma or serum for clinical or research labs (56) (57) (58) .
Circulating miRNAs are part of a larger group of "cellfree" nucleic acids that include circulating DNA (i.e., cellfree and circulating tumor DNA) (59) and long noncoding RNAs (defined as greater than 200 base pairs in length) (60) . While in circulation, miRNAs travel in at least 2 configurations that explain their stability in blood, including ribonucleoprotein shuttles ( putative major component) and membrane-bound vesicular transport ( putative minor component) (61) . More definitive data on the exact number of circulating miRNAs in human blood are beginning to emerge, and it is likely that only a smaller fraction of tissue miRNAs (approximately 10%-30%) are distributed and/or detectable in serum or plasma (8, 9, 62) . Comprehensive next-generation sequencing (NGS) studies have reported anywhere from 100 to 500 miRNAs in the circulation of healthy controls and diseased patients (31, 43, (63) (64) (65) .
By examining circulating microRNAs from the placenta (a well-perfused organ with a tissue-specific miRNA profile that receives approximately 20% of the cardiac output) and circulation of gravid women, 1 study suggests that tissue miRNAs are 8,500 times more abundant en masse than the circulating compendium of all miRNAs, and that only 2 miRNAs (miR-451 and miR-486) comprise about 60% of the circulating miRNA mass in plasma (43) . These authors further suggest that if placenta kinetics translated to tumor biology, given the current state of polymerase chain reaction (PCR) technology that can detect 10 copies of miRNA per mL of plasma or serum, a tumor mass greater than 0.3 g (or diameter >1.6 mm assuming water density) is necessary to detect enough circulating miRNA. This is in line with estimates from other contemporary tumor biomarker models (66) .
miRNA PREANALYTICAL ISSUES
The way blood is collected and processed for cell-free, circulating miRNA analysis is crucial and can markedly affect study results and inferences. Although phlebotomy from a patient's antecubital vein is straightforward, blood may be contaminated with epithelial cells during puncture, and plasma may be contaminated with hemolyzed red blood cells during traumatic phlebotomy. This can be avoided by discarding the first amount of blood drawn (1-2 mL) and using a large peripheral vein with a needle of adequate gauge. The current literature supports using, at minimum, a 22-gauge needle (67); however, our experience is that even large-gauge needles through large veins may result in some red blood cell hemolysis (68) . Seemingly unimportant minutiae, like leaving a patient's tourniquet on during blood capture, may also increase hemolysis (69) .
The effect of hemolysis on the circulating miRNA profile is dramatic and was initially underappreciated. We know now The number of precursor microRNAs (i.e., raw transcripts) for all species reported over time to miRBase, the key public repository, is displayed for all species along with microRNA publications per analyte type in humans only. Numbers are displayed on a log base 10 scale on the y-axis and with the year on the x-axis. We see here that the current logarithmic phase of discovery and publications is slowing, which is typical of biomarker fields in their infancy. Estimates of publications by microRNA publication category were extracted from GoPubMed (http://www.gopubmed .org/web/gopubmed/) using the following search terms, on January 23 (70) (71) (72) . Many putative cancer signatures have been vulnerable to this cellular "spill-over" and may, in fact, represent cellular circulating miRNA profiles rather than cell-free, tumor-derived miRNA profiles (70) (71) (72) (73) . Currently, we recommend using at least platelet-poor plasma, which requires 2 separate spins to reduce cellular contamination by orders of magnitude (71, 74) (Appendix 1).
Plasma anticoagulants include citrate, heparin, and ethylenediaminetetraacetic acid, each of which allows for immediate processing compared with serum tubes that require a period of incubation. Whether blood should be drawn into plasma or serum tubes remains a matter of debate, and although some investigators have not found a strong reason to prefer one over the other (8) , other studies have found an increased number of circulating miRNAs in serum samples compared with plasma samples, presumably because of miRNAs released during coagulation (75) . In general, we and others recommend avoiding heparin, which can inhibit downstream quantitative reverse transcription (qRT)-PCR assays.
Circulating microRNA molecules are stable in circulation for up to 24 hours (8), because in a bound state they are remarkably resistant to nucleases and conditions that destroy other biomarkers in a clinical laboratory environment (9) . The ability to perform large-scale, multicenter trials therefore exists for circulating miRNA work. Although most discovery studies recommend analyzing blood as quickly as possible (i.e., within 2 hours), this is not possible for multicenter efforts where the shipping of unprocessed, whole blood samples at ambient temperature may be required. Several solutions exist, including adding RNA stabilization reagents or using PAXgene RNA preservation tubes (PreAnalytiX, Hombrechtikon, Switzerland) (76) . Although there is good evidence and biological rationale that miRNAs are stable over time at room temperature, contrarian evidence exists (68) , and success is not guaranteed without detailed qualitycontrol experiments to determine an optimal strategy prior to initiating enrollment with a standard operating procedure. Attention should also be paid to make sure that samples are kept in their liquid state during processing, and not frozen. This could be an issue if samples are stored on ice because this would lead to regions of localized freezing in the blood tube. and Roche (Basel, Switzerland)). The reader is referred to previous reviews for details on technical aspects, strengths, and limitations of each method (38, 82) .
Although microarrays are sensitive enough to detect abundant, blood cell-derived miRNAs or tissue miRNAs, they are not typically sensitive enough to detect low-abundance miRNAs, which is often required for biomarker discovery. Here, qRT-PCR, digital PCR, or NGS is preferable (38) . Digital PCR, which uses limited dilutions to quantify the presence or absence of transcript in single wells compared with "analog" PCR that yields a range of expression values, has reemerged as a quantitative approach for miRNA expression given its absolute quantification with precise results (83, 84) .
Regardless of array type, all are based on the miRBase registry or other databases that are continuously updated and, thus, array modification necessarily follows. Therefore, literature nomenclature can often be obsolete in short order, although as the number of discovered miRNAs tapers over time and nomenclature solidifies, this issue should become less problematic. Inevitably, this has led to a reporting bias, because miRNAs published earlier in miRBase have been studied (and thus also reported) more often.
Determining the relative importance of miRNAs given the above may seem challenging, but several points can be made. First, the miRBase repository remains the key database, and any assay used for discovery should be referenced against this. Typically, manufacturers provide these data readily to illustrate the composition of their agnostic array. Second, miRNAs with similar nomenclature have unique biological properties (i.e., -3p and -5p strands or "*" and non-"*" strands). Finally, conservation is likely to play a large role in determining whether a miRNA is an important player in a particular biological pathway, and several databases exist to explore this (85) .
miRNA DATA NORMALIZATION
Data normalization is desirable for miRNA quantification, regardless of assay type. Each method of detection, be it qRT-PCR, microarray, or NGS, is subject to normalization challenges for which solutions have not yet been systematically integrated into epidemiologic and clinical studies (86) . The purpose of data normalization is to correct for variation across samples that could be related to technical performance (e.g., differences in how well RNA was extracted across different samples, pipetting variation) and/or to biological factors intrinsic to the samples (e.g., variations in specimen quality).
It is common practice to "spike-in" samples with exogenous controls using nonhuman miRNAs (i.e., C. elegans or A. thaliana miRNAs) to address technical variation. The optimal approach to correct for intrinsic biological variation that is unrelated to the disease being studied, however, is more controversial. Whereas traditional qRT-PCR measurements of miRNAs in tissue have used globally expressed, so-called "housekeeping" small RNA transcripts such as small nucleolar RNAs to normalize, circulating miRNAs do not have a well-established counterpart. Thus, normalization has varied considerably across circulating miRNA studies in which amplified noise can obscure interpretation of miRNA expression. Currently, 1 of the more common approaches is to use global median normalization (i.e., the average expression of each miRNA relative to itself ). This is similar to microarrays that use locally weighted regression or quantile normalization prior to analysis. NGS normalization is still plagued by the fundamental technical issue that the more common a transcript, the fewer reads there are to identify other transcripts. Exogenous spiked-in controls have been recently described as an approach for standard quality control (43) .
At the current time, we suggest reporting one's methods thoroughly, regardless of type of normalization, and suggest using a spike-in strategy with synthetic miRNAs during the extraction and amplification of miRNA for qRT-PCR (i.e., cel 39) (87). It is also reasonable to supplement this with a broad normalization approach for endogenous variation, such as global median normalization. Another reasonable strategy is proffered by a well-executed lung cancer biomarker study that proposed several steps to identify endogenous circulating miRNAs by using only those candidates that were highly expressed in all samples (median qRT-PCR cycle threshold, C t , < 30) with low variation (standard deviation, σ, < 0.9) and no differential expression (P < 0.10) between classes studied (i.e., normal vs. cancer) (88) . Additionally, one can simply normalize to the plasma volume used per sample (with or without normalizing to synthetic spikedin controls), because the use of endogenous controls in circulating miRNA studies remains controversial. Importantly, the emergence of nanofluidics PCR technologies that can quantify a large range of transcripts absolutely may obviate the need for endogenous control altogether, along with the complexity it adds to experimental interpretation (83) .
miRNA STUDY DESIGN
Publication growth is currently logarithmic for both primary tissue and blood-based studies (Figure 2) , but largescale, population-based circulating miRNA discovery efforts have not been published to date. The difficulty in assembling large, multiinstitutional studies with suitably processed samples and the cost of doing miRNA research-which may range from dollars per sample for single-miRNA analysis to thousands of dollars per sample for expression or NGS analysis whether in tissue or circulation-may be responsible for this. Case-control studies are easier to execute, and the current literature is therefore composed mostly of such designs. Although useful for discovery, this study design is subject to a number of biases (89) , including selection bias, confounding, and superimposed publication or other selective analysis and outcome reporting biases (90) . Several opinion-based guidelines exist to help the investigator design, execute, and/or report a biomarker study in order to reduce bias and improve transparency, including the Strengthening the Reporting of Observational studies in Epidemiology statement (91) and its extension for molecular epidemiology (92) , as well as the Prospective-Specimen-Collection, Retrospective-Blinded-Evaluation criteria (93) .
The way in which underlying clinical phenotypes can affect the measurement of the outcome variable being studied, such as cancer, is often poorly reported but is likely to be a major issue for circulating miRNA investigations. Aging appears to confound, and potentially effect modify, the association of circulating micoRNAs with cancer diagnosis. Several reasons exist for this, including recent data that show that miRNAs in peripheral blood mononuclear cells are altered and overlap with cancer-associated miRNAs by age (94) with differences persisting in plasma (95) . Additionally, it is more often the rule than the exception that cancer patients are older than normal controls in clinical studies, and miRNAs may be measuring an age effect rather than a cancer exposure as pointed out in 1 study included in our case series (96) .
Smoking represents a clear and well-established effect modifier of cancer, particularly in our case study of lung cancer, and studies have established differential miRNA expression at both the tissue (97) and circulation levels (98) . Although cigarette smoking is clearly established as causing cancer, not all smokers have cancer and, thus, unmatched cohorts may detect cigarette smoking-related signatures rather than cancer signatures if unbalanced. Other disease states that are often found in cancer patients, particularly those associated with end-organ damage like cirrhosis (99) and heart disease (32), have been well studied to bear unique profiles, and sex and the fasting state may also alter certain miRNA levels (9, 43, 70) . Thus, one should consider either matching or adjusting for variables known to affect both miRNA expression level and risk of clinical outcome, including age, sex, smoking history, and end-stage organ dysfunction. This process should be explicitly reported in the methods section and in tables describing any potential differences between case and control groups, as well as training and validation sets.
Investigators may also want to consider the expected biological source of the cell-free miRNA signal in the study design prior to initiation. For example, if a study is aimed at identifying a circulating miRNA biomarker for cancer, and the hypothesis is that the cancer cells are shedding miRNAs into the circulation, one might want to eliminate from consideration all miRNAs expressed highly in blood cells and known to be heavily influenced by preanalytical variables (71, 72) . This has the advantage of eliminating candidates that are unlikely to result in a useful diagnostic test because of limited specificity, while improving the statistical power by limiting the number of multiple comparisons.
The current literature comprises studies that are mostly underpowered to detect anything but large differences after adjustment for the typical multiplicity of comparisons involved. Although some miRNA associations may have such large effects, it is plausible that many genuine effects are smaller. Sample size/power calculations in the validation sample should also consider the possibility that the effect size estimate of an association obtained in the discovery phase from a small study may be inflated because of a "winner's curse" phenomenon (100); thus, an assumed smaller effect may be required in order to avoid false nonreplication due to lack of power during validation.
miRNA LUNG CANCER CASE STUDIES
Lung cancer is a leading cause of cancer death in US men and women (101) . Early detection does not always mean cure (102) , and biomarkers are therefore highly desired to help physicians refine diagnostic and prognostic acumen. Although multiple studies have examined tissue miRNAs in lung cancer tumors with some success (79, (103) (104) (105) , study design and statistical challenges persist in tissue miRNA studies (106) and extend to the especially challenging, noninvasive blood miRNA space, as we shall see below.
By searching the Medline database with the query ["miRNA" AND "cancer" AND ("circulating" OR "blood")] on November 9, 2013, we identified 19 lung cancer studies (88, 105, (107) (108) (109) (110) (111) (112) (113) (114) (115) (116) (117) (118) (119) (120) (121) (122) (123) from 2011 to the present that analyzed cell-free, circulating miRNAs of non-small cell lung cancer patients and cancer-free controls (Web Table 1 ). The median sample size of the training data set for cases and controls was 65 (interquartile range, 46-127) with a 0.58 ratio of cases to controls. Controls were heterogeneous across studies, ranging from healthy participants and age-matched smokers to those with other benign lung nodules or patients with chronic obstructive lung disease from smoking.
Four studies matched for variables known to affect miRNA profiles including age, sex, and smoking status, whereas most others accounted for this in tabulations of group characteristics to qualitatively assess for potential differences (Web Table 1 ). Notably, 6 studies did not report this information at all. Four studies analyzed tumors of the same histology (88, 96, 110, 116) , whereas only 1 study analyzed tumors of the same stage (110) . Both of these variables may be large contributors to miRNA diversity on the basis of what we know from previous genetic and genomic studies in lung cancer (124) (125) (126) (127) . None of the studies explicitly mentioned using biomarker guidelines.
Nine studies used serum for miRNA analysis, 8 used plasma, 1 used both serum and plasma, and 1 used whole blood (Web Table 1 ). Blood processing reporting was variable; many did not give full details of phlebotomy and centrifugation, only 4 reported "double-spun" samples to yield platelet-poor plasma, and 6 offered no information on these metrics. The 3 main platforms we described above were used, with qRT-PCR being the preferred method in the majority of cases (12 studies). Normalization for PCR to control for extraction and/or assay variation by using spiked-in or endogenous miRNAs for the 12 qRT-PCR studies was not consistent, but small nucleolar RNAs or miR-16 were the most commonly used endogenous controls (n = 4) (Web Table 1 ).
The average number of miRNAs analyzed for these studies was bimodal, depending on whether the study adopted a candidate-driven design (n = 10 studies) (107, 108, 111, 113, 115, 118, 119, (121) (122) (123) or preferred an agnostic approach (n = 9 studies) (88, 96, 109, 110, 112, 114, 116, 117, 120) . Discovery-based studies analyzed from 328 to 1,282 miRNAs, whereas candidate-driven designs analyzed from 1 to 91 miRNAs. Two studies specifically assessed tumor case and control miRNAs in addition to circulating miRNAs (109, 123) . Candidate-driven studies usually reported having used previous literature in lung cancer to select miRNAs for study. None of the agnostic, discovery-based-approach studies tried to confirm in tumor samples the importance of miRNAs that survived through to validation.
Twelve studies proceeded with a separate validation step, 11 of which performed split-sample analysis and 1 of which performed cross-validation (Web Table 2 ). Notably, 2 of 11 studies carried forward to validation, even though nothing formally significant had been found in the training phase (112, 120) . The analysis of miRNAs that were validated alone or in composite data set analyses (n = 9) revealed few similarities in selected signatures across studies, although miR-21 was validated in 3 studies.
Some form of a Student's t test and its nonparametric equivalent (n = 12) or logistic regression (n = 6) was the most common method used for signature development (Web Table 2 ). Logistic regression studies often did not report differential P value or fold expression values for the miRNAs selected in the model. Seven of 14 studies requiring some sort of adjustment reported P values corrected for multiple comparisons (Web Table 2 ). Because a 400-miRNA assay would detect 20 miRNAs by chance at P < 0.05, the importance of multiple-comparison adjustment here cannot be overemphasized. Of note, only 2 of the lung cancer studies included in this analysis reported power calculations (119, 123) , each of which aimed to identify a miRNA signature with a 0.75 predictive accuracy.
CONCLUSIONS AND FUTURE DIRECTIONS
On the basis of the above, we conclude with some suggestions on the design and analysis of circulating miRNA studies. First, accounting for multiple comparisons with validation should be the norm for all studies. There are easily implemented tools for multiple comparisons that include calculating the well-described false discovery rate (q value) with statistical packages like Significance Analysis of Microarrays (128) or Biometric Research Branch ArrayTools (129), both of which have Excel software (Microsoft Corp., Seattle, Washington) interfaces. Moreover, investigators and editors alike should resist the temptation to promote results of studies without including formal rigorous validation, because nonvalidated information may create an accumulating body of fuzzy data that will hinder future progress.
Assembling large miRNA data sets for a better and less biased understanding of their clinical import using the most current and relevant assays requires systematic efforts and collaboration among multiple investigators. This is paramount for circulating miRNAs, where signal-to-noise and preanalytical variation are far more difficult challenges than in tissue, which itself remains an imperfect medium in which to study biomarkers.
The National Institutes of Health (Bethesda, Maryland) are currently funding several umbrella programs aimed at understanding cell-free miRNAs in circulation in man and their potential role as signals for cell-to-cell communication (Appendix 2). An encyclopedia of circulating miRNAs present in the normal, healthy state and subgrouped by clinical phenotypes like age, sex, and ethnicity is required to assess the baseline distribution of human blood miRNAs and is currently under development. Building on previous work, a more comprehensive encyclopedia of miRNAs by cell type (e.g., red blood cell, platelet, monocyte), disease states like cancer (e.g., of the lung, liver, colon), and cancer subtypes (e.g., histology, stage) is required (130) .
Private corporations have also accumulated large amounts of data from their services to industry and academia. As an example, Exiqon A/S (Vedbaek, Denmark) recently examined 381 nonhemolyzed serum and plasma samples to establish the 119 most commonly abundant miRNAs in circulation, albeit without telling the readership from what disease states the samples were derived (62) .
The effect of how we collect and process blood specimens to detect miRNAs and other rare circulating biomarkers is more apparent with time. Although there has been some progress since initial calls to assess this topic in published data (87) , much work remains in larger and collaborative groups. Specifically, the effect of patient white blood cell count, needle gauge, tourniquet use, site of venipuncture, time of venipuncture, fasting state, patient weight, patient ethnicity, centrifuge processing time, and centrifuge force are all fundamental variables that may affect miRNAs in circulation with unintended consequences as discussed above.
In the course of this review, we have learned that although some circulating miRNAs are tissue specific, they are rare and not cancer specific, and only a few may dominate the circulating "mirNome." Therefore, the first miRNA clinical applications are likely to be for markers of end-organ damage rather than as cancer biomarkers. For cancer researchers, focusing on epithelial-restricted miRNAs such as the miR-200 family may be helpful for added specificity during the study of carcinoma, as well as the use of a candidate-driven strategy rather than agnostic approaches that are more susceptible to statistical bias.
One challenge of clinical epidemiology is finding meaning in a "new age" of personalized medicine (131) . Proper attention to standard epidemiologic principles is essential for the success of any novel biomarker field. Extrapolation from case-control studies with inappropriate controls has been a common problem in molecular diagnostics (132) , and clinical cohorts must be assessed in the appropriate clinical context and analyzed with this in mind.
As an example, if the aim is to develop a diagnostic tool for the early detection of lung cancer, a lung cancer patient should not be controlled against a normal healthy individual, but rather against a patient with a competing diagnosis such as an infection or benign tumor. Furthermore, investigators should examine miRNA profiles (if they survive to validation in an appropriately designed and executed study) in the context of current clinical diagnostic models of risk. How would a properly identified miRNA profile help a pulmonary physician ascertain whether a lung nodule is malignant along with other demographic, clinical, and imaging data? Answering this type of question is the next, most crucial, stage in addressing whether we can adequately translate circulating miRNA biomarkers to clinical applications.
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